The first direct observation of time-reversal (T) violation in the BB system has been reported by the BaBar collaboration. Given this, we propose a broader measurement program to study the time-dependent T-violating asymmetry (A T ) for different choices of CP tags. For specific choices, we show that A T , although no longer a strict test of T, permits the direct determination of small effects, such as penguin contributions in the Standard Model and beyond.
INTRODUCTION
A goal of B−physics is to study the nature of CP violation and to discern, ultimately, whether sources of CP violation exist beyond that of the Standard Model (SM). This means we want to measure the weak phases associated with various decays to test whether they fit the SM pattern or not. Thus far such searches have proven nil, noting, e.g., Ref. [1] and its update in Ref. [2] , and it is of interest to carry these tests to higher precision. For example, in the SM the CP asymmetries associated with the quark decays b → ccs, b → ccd, and b → sss measure sin(2β) 1 , up to penguin contributions and new physics in the decay amplitudes [3] . Measurements of the time-dependent asymmetry in the penguin mode B → φK S (b → sss) and others are statistics limited, and follow-up studies are planned at Belle-II [4] . A compilation of existing measurements can be found in Ref. [5] . In this paper we propose a path to sharpen tests of weak-phase universality, notably that of sin(2β), by determining effective weak-phase differences through a single asymmetry measurement.
The BaBar collaboration has observed direct T violation by exploiting the quantum entanglement of the BB mesons produced in Υ(4S ) decays [6] . That is, because the Υ(4S ) state has definite flavor and CP, the flavor-or CP-state of a B meson can be determined, or "tagged," at a time t by measuring the decay of the other B meson at that instant. BaBar uses the final states J/ΨK L (CP = +) and J/ΨK S (CP = −) as CP tags and the sign of the charged lepton in ± X decay as a flavor tag. Thus by employing either flavor or CP tagging they are able to form a time-dependent asymmetry A T , such as
, where B ± denotes a state with CP = ± [6, 7] . Thus if the rates of B 0 → B + and B + → B 0 are not the same, i.e., not in "detailed balance," then time-reversal symmetry is broken. Previously a failure of detailed balance was reported in K 0 ↔K 0 transitions by CPLEAR [8] , but the concomitant claim of direct T violation has been criticized [9, 10] . In the case of the BaBar experiment, the use of entanglement with distinct kinds of tags allows the reservations [9, 10] levied against the CPLEAR experiment to be set to rest [2] .
BaBar has noted that the interpretation of their A T measurements as a failure of time-reversal invariance requires the neglect of direct CP-violating effects [6] . Applebaum et al. conclude, rather, that direct CP violation (in B-meson decay) does not affect their claim of time-reversal violation: A T is a true test of time reversal irrespective of such effects [11] . Direct CP violation in the CP tag, however, specifically in K S ,L decay, will cause the interpretation of A T as a test of T to fail, as noted by Ref. [12] in an analogous study of KK transitions. We will generalize this observation to realize measurements of A T for different CP tags, yielding, ultimately, a direct test of weak phase differences. We shall start by revisiting the interpretation of A T .
INTERPRETING A T
Applebaum et al. observe that the combination of EinsteinPodolsky-Rosen (EPR) entanglement in the BB system from Υ(4s) decay with the possibility of both lepton and CP tagging allows a near-perfect experimental realization of a process and its time-reversal conjugate, making the measurement of A T a true test of time-reversal symmetry [11] . Figure 1 visualizes this result. The first tag at t 0 , of CP (or flavor), sets the initial state of the remaining particle. The state assignment of the remaining B-meson can be thought of as an inverse decay at t 0 from the opposite CP (or flavor) tag [11] . The inverse decay is realized through EPR entanglement and the decay of another particle, and Applebaum et al. state the conditions under which a nonzero A T reveals T violation, though, as we will show, the conditions turn out to be necessary but not sufficient. That is, they note that (i) the absence of CPT violation in strangeness changing decays and (ii) the absence of wrong sign decays or the absence of direct CP violation in semileptonic decays if wrong sign decays occur are required to interpret A T as a test of T invariance [11] . Figure 1a illustrates the ideal case in which the detection of one state projects the other B-meson into the state orthogonal to it, thus realizing the exchange of initial and final states needed to construct the time-conjugate process.
There is one more effect to consider. states of the B-meson are determined by the decay products of the CP tag, as the tags themselves are not detected directly. In this case, direct CP violation in K S , K L decay breaks the ability to construct the time-reversed process. (This is distinct from the complications due to K , noted in Ref. [11] .) Figure 1b illustrates this, though the details are provided in the following section. Ideally, K S and K L can be reconstructed unambiguously, but direct CP violation in the kaon system prevents this. In the formalism of [11] , it appears as if it were a CPT-violating effect. Of course, the effects of direct CP violation in K → ππ and K → πππ decays are numerically very small, though in the πππ final state it is bounded, rather than measured [13] . This would seemingly make CPT tests in this system of a comparable numerical scale or smaller difficult to realize through a comparison of A T and A CP . The method we propose exploits the potential failure of A T as a test of T by selecting CP tags of common dominant weak phase but differing penguin pollution, e.g., to yield new observables -this is illustrated in Fig. 2 . In these cases as well we find |A T | |A CP | without CPT violation. We now turn to the details.
DETAILS
The time-dependent decay rate for BB mesons produced in Υ(4S ) decay, in which one B decays to final state f 1 at time t 1 and the other decays to final state f 2 at a later time t 2 has been analyzed in the presence of CPT violation, wrong-sign semileptonic decays, and wrong strangeness decays [11] . In what follows we assume all of these refinements to be com- pletely negligible. Moreover, we neglect CP violation in BB mixing and set the width difference of the B-meson weak eigenstates to zero, i.e., Γ H − Γ L = 0. The decay rate to f 1 and then f 2 is denoted as Γ ( f 1 ) ⊥ , f 2 and is thus given by
f , and q and p are the usual BB mixing parameters [13] . Since we neglect wrong-sign semileptonic decay, C + X = −C − X = 1. Defining normalized rates as per
we have, in the case of the asymmetry illustrated in Fig. 1 ,
Note that normalizing each rate is important to a meaningful experimental asymmetry because the J/ψK S (or, more generally, ccK S ) and J/ψK L final states have different reconstruction efficiencies [7] . BaBar constructs four different asymmetries, based on four distinct subpopulations of events, namely, those for
, and their T conjugates, respectively, and finds the measurements of the individual asymmetries to be compatible [6] . We note that the normalization factors N f for general CP tags will differ; nevertheless, meaningful experimental asymmetries can be constructed through the use of normalized decay rates as already implemented in BaBar's A T analysis [6] .
In what follows we generalize the choice of CP final states, so that J/ψK S → f o and J/ψK L → f e , where "o" ("e") denotes a CP-odd (even) final state. We define
= C e cos(∆m B t) − S e sin(∆m B t) ,
= C e cos(∆m B t) + S e sin(∆m B t) , 
Each time-dependent asymmetry has four parameters made distinguishable by the various time-dependent functions, and they can be measured experimentally. Indeed the individual asymmetries can be simultaneously fit for S o +S e , S o −S e , C o + C e , and Since K S and K L are experimentally identified through decays to π + π − (2π) and π + π − π 0 (3π), respectively, we calculate λ 2π and λ 3π [12] :
where
, and K captures CP violation in KK mixing. Since η 2π η 3π [13] , we find C 2π C 3π and S 2π −S 3π , yielding |A CP | |A T | (in all permutations) without CPT violation. Though we concur with Ref. [11] that neither direct CP violation in B meson decay nor CP violation in KK mixing can generate this effect, we see explicitly that the effect of direct CP violation in K decay can be included through a nonzero θ f , a nominally CPT-violating parameter, in the formalism of Ref. [11] . We note the criteria of Applebaum et al. [11] should be supplemented with the neglect of direct CP violation in kaon decay in order to interpret A T as a test of T .
Thus far we have discussed the CP final states f o = J/ψK S and f e = J/ψK L , though other choices are possible. If we choose CP final states that share a dominant weak phase with each other and with J/ψK S ,L , we
. These are the two-body "sin(2β)" modes commonly studied 2 to test its universality [13, 16] . Not only can we use these modes to form the A T asymmetries we have discussed thus far [17] (8), we see that the parameters associated with the sin(∆m B t) terms in these comparisons are, e.g., S o −S e and S o +S e . In S o +S e the dominant weak phase contributions (in the SM) cancel, and the small terms, namely, the penguin contributions, as well as possible contributions from new physics, are determined directly.
In order to demonstrate this, we first define the parameter λ f on which S o,e depend. There is a factor of exp(−i2β) from BB mixing, and, in general, the decay amplitude can be written as a linear combination of 2 weak phases (we select "up" and "charm"): A f = a 
where CP| f = η f CP | f , a simple calculation gives us: [18] 
As long familiar, a difficulty arises in attempting to separate the dominant term from any small effects. Setting the smaller, "wrong phase" contribution to zero, we recover the simplified expressions
Several theoretical studies have been made of the deviations of S f , measured through A f + CP , from sin(2β) in the SM [18] [19] [20] . Experimentally one can form
using the determination of sin(2β) in B → cc K S and J/ΨK L final states [6, 21] , though the error in ∆S f is dominantly that in S f . We now compare this procedure to our A T method with generalized CP tags. In this new case, assuming sin(2β) universality, the sin(2β) term in S f cancels, yielding
and providing a direct measurement of the difference of deviations from sin(2β) for the chosen CP tags. If we use a "golden mode" for which ∆S e(o) ≈ 0, such as J/ΨK S ,L , to define sin(2β), then S e + S o ≈ ± sin(2β o(e) ) ∓ sin(2β) ± ∆S o(e) , where the upper sign is associated with o. Thus we test the deviation of S f from sin(2β) through a single asymmetry measurement, whereas a "double" difference appears in Eq. (14) . Of course sin(2β) in B → cc K S , J/ΨK L decays is very well known (0.677 ± 0.020 [5] ), so that it is more pertinent to note that the asymmetry A T can directly employ these highly precise decay samples as well [6, 21] . An asymmetry A T generally requires the comparison of the rates (( ± X) ⊥ , f o(e) ) and (( f e (o ) ) ⊥ , ± X), or of their time conjugates, while A CP only requires the comparison of the (( ± X) ⊥ , f o (e ) ) rates. Thus in the case of η K S , e.g., the determination of S e via A CP employs two subsamples of limited statistics, whereas the determination of S e + S o via A T is formed from the comparison of a limited statistics sample with that of ccK S . Consequently we expect improved access to ∆S e , for any of the e modes that probe sin(2β), and analogous improvements to the determination of ∆S o for any of the o modes. Current experimental results for S f have limited precision in many of the sin(2β) modes previously listed as CP tag candidates (e.g., −η f CP S π 0 K S = 0.57 ± 0.17; −η f CP S ωK S = 0.45 ± 0.24 [5] ). Our method will be of greatest impact for these lower precision modes. Comparing these results against predicted values of ∆S o (e ) in the SM should then yield sharper tests of new physics.
Our method requires the construction of normalized subsample rates as in Eq. (2) and has already been employed in BaBar's A T analysis [6] . The efficacy of this procedure can be roughly assessed through the comparison of BaBar's claimed significance for the observation of T and CP violation through the measurement of A T and A CP , respectively. In this exact case BaBar measures T violation at 14σ and CP violation at 17σ [6] , so that they are not very different, particularly when one notes that the A T measurement employs a J/ψK L subsample as well. Consequently, for various f o (e ) we can expect a sharper determination of ∆S o (e ) through the measurement of A T than possible through study of A CP alone. The method we have described is also applicable to other sorts of decay modes. For example, we can consider the sin(2α) modes, B → π + π − and B → ρ + ρ − . A helicity analysis of the B → ρρ decay modes indicates that the penguin pollution in B → ρ + ρ − is "small enough" [16] . The measurement of S e + S o through comparison of the subsamples associated with these final states, and assuming sin(2α) universality, thus yields direct experimental access to the wrong-phase penguin contribution, or penguin pollution, in B → π + π − . Typically the latter is reconstructed through an isospin analysis [22] , though flavor-based analyses are intrinsically approximate and can be broken [23] . Nevertheless, an A T measurement based on B → π + π − and B → ρ + ρ − subsamples can test the isospin analysis directly without recourse to flavor-based assumptions [24] .
SUMMARY
We have described how a broader measurement program of the time-dependent asymmetry A T with generalized CP tags can be used to measure small departures from weak-phase universality. Generally an analysis of A T provides four parameters composed of linear combinations of S o(e) and C o(e) ; under the use of generalized CP tags the asymmetry A T no longer serves as a genuine T test -and |A T | |A CP | can appear without CPT violation. However, the new observables the A T construction offers allow direct measurement of wrong phase penguin contributions with improved statistical control, as well as new information to test the universality of sin(2β). We have also noted that this method is useful to decay modes that probe sin(2α). Using π + π − and ρ + ρ − as general CP tags and assuming the universality of sin(2α) in these modes, we can study the differences in their penguin contributions without an isospin analysis. New results can be obtained from existing B-factory data using this method, and we believe it can greatly enable precision studies of CP violation anticipated with the Belle II detector at KEK.
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